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Abstract:

Introduction/purpose: A current topic of significant research and
development efforts in the field of radar systems is MIMO (Multiple-Input-
Muiltiple-Output) radar technology. MIMO radars represent a revolutionary
step forward in radar technology, as the use of multiple transmitting
antennas that emit orthogonal waveforms enables improved detection and
angular resolution. To achieve effective results, high-quality digital signal
processing and the application of advanced algorithms are essential for
obtaining target information. This paper places special emphasis on
coherent MIMO radars, with the objective of enhancing angular resolution.
Time-multiplexing of transmit signals is applied as a primary method to
achieve orthogonality between signals, utilizing a Frequency Modulated
Continuous Wave (FMCW) signal as the foundation for the transmit
waveform. The aim of this paper is to provide and explain the fundamentals
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of digital signal processing in MIMO radars, present analytical expressions,
and validate them through simulation and experimental verification.
Methods: The theoretical foundations are presented, with the Discrete
Fourier Transform (DFT) used as a primary tool in digital signal processing
fo obtain information about the distance, velocity, and azimuth of the target.
A simulation was developed in the MATLAB software package to analyze
the performance of the radar system model. Experimental verification was
conducted, where specific scenarios were recorded using the radar
platform PUP_DUAL24P _T2R4, and the collected data was subsequently
processed. The MATLAB functions MIMOFMCW and procDC were written
fo generate simulation samples of echo signals and to automate signal
processing and the display of characteristic Range-Velocity and Range-
Angle matrices.

Results: The simulation and experimental verification confirm the validity of
the theoretical foundations related to digital signal processing in MIMO
radars, and the target parameters can be clearly determined.

Conclusion: The Discrete Fourier Transform is a simple tool that provides
satisfactory results for determining the range, velocity, and angle of targets.
FMCW radars offer accuracy in determining range and velocity, while the
MIMO mode enhances angular resolution. The DFT algorithm is capable of
determining the target angle, but with a certain error, making the use of
high-resolution methods necessary for more accurate angle determination.

Key words: MIMO, radar, TDM, FMCW, radar data cube, DFT, beat
frequency, virtual antenna.

Introduction

MIMO radars are modern and advanced radar systems in which,
unlike conventional radar systems, each transmitting antenna transmits an
arbitrary waveform independently of other transmitting antennas. MIMO
radars transmit uncorrelated signals in different directions or transmit
mutually orthogonal signals in the same direction. Due to different
waveforms and orthogonality between signals, receiving antennas can
separate the echo signals originating from a target and assign them to a
specific transmitter, which are then collected and further processed. This
approach improves the probability of target detection and the accuracy of
estimating the angle of arrival of echo signals (Stoica & Li, 2008; Wiesbeck
et al, 2015).

MIMO technology has wide applications in telecommunications,
significantly enhancing data transmission capacity and speed, particularly
in 5G and 6G systems (Dessai & Patidar, 2024) through Massive MIMO
technology (Wanga et al, 2021), which utilizes antenna arrays for spatial
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diversity (Abdi & Rasheed, 2022). This technology improves angular
resolution and accuracy in radar systems (Janoudi et al, 2023), which is
especially important for automotive radars in the mm-wave range, enabling
clear detection of objects and supporting the development of unmanned
vehicles and their communication with one another (Han et al, 2024).
Additionally, MIMO technology is increasingly used in Synthetic Aperture
Radar (SAR) systems for terrain imaging (Wu et al, 2019) and in medicine
for monitoring human vital signs (Alizadeh et al, 2019), detection glucose
levels (Omer et al, 2018) and detecting tumors (Bliss & Forsythe, 2006)
using the mm-Wave radar.

One of the primary classifications of MIMO radars is based on the
antenna configuration. Accordingly, they can be divided into MIMO radars
with widely spaced antennas, or statistical MIMO radars, and MIMO radars
with collocated antennas, or coherent MIMO radars (Sun, 2023).

In statistical MIMO radars, the transmit and receive antennas are
widely separated, providing independent scattering responses for each
antenna pair (Figure 1a). By positioning antennas at different locations,
the target is illuminated from various angles, mitigating the effects of a
reduced radar cross-section and a poor electromagnetic wave scattering
response. This results in more robust detection performance and reduces
the likelihood of missing the target. In the other case, the transmit and
receive antennas of a coherent MIMO radar are positioned relatively close
together (Figure 1b).

\ Target

Antenna
Tx/Rx N
Antenna NN
¢ 7Y Y
Tx/RX Antenna Tx Array Rx Array
Antenna

Target

(a) (b)
Figure 1 — Statistical MIMO radar (a) and coherent MIMO radar (b) (Sun,2023)

Here, it is assumed that the electromagnetic wave scattering
response from the target is the same for each antenna pair, with minimal
delay. The antennas of a MIMO radar transmit waveforms independently
of each other. The goal is to use coherent signal processing to form a
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virtual array of antennas, providing improved estimation of the signal’s
angle of arrival. This approach ensures that fewer antennas can achieve
the effect of a larger antenna array on reception, enhancing the radar’s
angular resolution (Stoica & Li, 2008; Sun, 2023; Davis et al, 2014).

To prevent signal interference during transmission and ensure that
receivers can successfully distinguish and assign signals to the correct
transmitter, it is necessary for the signals to be orthogonal to each other.
Signal orthogonality significantly simplifies further processing. Typical
methods of achieving orthogonality include using time-division multiplexing
(TDM) (Sun et al, 2014), frequency-division multiplexing (FDM) (Liu,
2009), and code-division multiplexing (CDM) (He et al, 2009).

In time-division multiplexed signals (TDM), orthogonality is achieved
by having the transmitting antennas emit signals at different times. While
one antenna is transmitting, the other antennas do not emit any signal.
This method is simple to implement as it can use a single transmitter and
a microwave switch, but it requires precise time synchronization and, in
this way, the full transmission capacity is not utilized (Sun et al, 2014).

Formation of virtual antennas in MIMO radars

MIMO coherent radars, by emitting mutually orthogonal waveforms,
can form a virtual antenna array and thereby increase angular resolution
without increasing the number of receiving antennas. Virtual antennas are
formed by combining signals from multiple transmitters and receivers. The
number of virtual antennas that can be achieved is:

Ngr = Nr_- Ng, (1)

where Ny is the number of transmitting antennas, and Nryxis the number
of receiving antennas. In MIMO radar systems with a linear antenna array,
the transmitting antennas must be spaced at a distance of dr_ = Ng_- dg_,
where Ngry is the number of receiving antennas and dk is the distance
between receiving antennas.

By measuring the phase delays A¢ of the signals at the elements of
the receiving antenna array, the angle at which the target is located is
determined. In the case shown in Figure 2a), the second transmitting
antenna, due to its distance from the reference transmitting antenna,
introduces an additional phase shift of 4-A¢. The signal from the first
receiving antenna sent by the second transmitting antenna will be phase-
shifted by 4-A¢, which would correspond to the fifth receiving antenna.
Using this approach, eight virtual receiving antennas are formed, whose
signal model is equivalent to a physical scenario with one transmitter and
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eight receiver antennas (Figure 2b). This holds true assuming that the
target is located in the far field relative to the antennas and that the
reflected wave from the target reaches the receiving antennas as a plane

wave (Rao, 2018).
7 Y - 1. Tx Y - Rx
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Figure 2 — MIMO Antenna Array (a) and Virtual Antenna Array(b)

Mathematical signal model in a coherent MIMO radar

The next chapter presents and explains the radar system model used
in the research, as well as the form of the transmitted signal. The models
were created based on the radar platform that was used at the end of the
research for conducting experimental verification.

Model FMCW radar system

The signal generator generates the FMCW signal xr(t), which after
the power amplifier (PA) is emitted from the transmitting antenna Tx. After
the signal hits the object, part of the signal energy is reflected from the
object (echo signal) and returns back to the receiving antenna Rx, where
it is received as a signal xr(f) (Figure 3). After that, the signal xr(t) goes to
the quadrature receiver, where it is mixed with the signal x7(f) and the
signal x(t) whose phase is shifted by 90°. In this way, two signals are
obtained, one in phase (I Signal) and one in quadrature (Q Signal), which
pass through a low-pass filter (LPF) after the mixer. In this way, an
intermediate frequency (IF) signal is obtained, which after the analog-
digital converter (ADC) is forwarded to digital signal processing (DSP),
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where the range, velocity, and azimuth of the target are determined
(Mahafza, 2013).

Tx

7" g
r () [ 1 X (t) [ 1
LPF ADC

— =

[ o | el
® ['Ler | [ aoc |——|

DSP

Figure 3 — Block diagram of the radar system

FMCW Signal

The radar system transmits a linearly increasing FMCW signal, which
ensures a large product of signal duration and frequency bandwidth (¢B),
simultaneously enabling high range resolution and a high signal-to-noise
ratio (Richards, 2014).

The characteristics of the FMCW signal are: the starting frequency f,
the bandwidth B, the chirp signal duration Tc, and the ramp slope
coefficient S (Figure 4). The ramp slope coefficient is calculated as
(lovescu & Rao, 2016):

f(@) 4
fC+B """"""""""""" A
' B
S = B/T, i
f;: €-—-—=-=—=-=== > ~ bt

Figure 4 — FMCW chirp signal (Li et al, 2021)
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The FMCW signal can be mathematically represented as (Li et al,
2021):

xr = Arcos(2m fot + WS t?), (3)
while the instantaneous frequency is determined as (Li et al, 2021):
d
f®) = @ufit + nSt) =fi+St. (4)

The radar system receives the echo signal xr(t) in its receiver and
mixes it with the transmit signal xr(f) and x7(f) phase-shifted by 11/2. As the
frequency of the transmitted FMCW signal x1(t) increases linearly over
time, at the moment when the echo signal xr(t) arrives at the receiver, the
frequencies fr(t) and fz(t) of the transmitted and received signals will not
be the same (Figure 5a). The difference in frequencies occurs because
the transmitted signal changes frequency during the time as the signal is
emitted, reflected from the object, and returned to the receiver. After the
mixer, the signals is fed to a low-pass filter. The low-pass filter passes the
lower sideband of the signals, i.e., the signal component located at the
frequency fr(t)-fz(t), and removes the signal component located at the
frequency fr(t)+fr(tf) and the resulting signals are x.(t) and xir-q(t). The
signals can be represented (lovescu & Rao, 2016) as:

xip-1(6) = LPF{x1(t) - xg ()} = Ajp_1 cos(2m fip t + ¢prp_p) +n(t)  (5)
Xip-q(t) = Ap_q cos(2 fip t + ¢rp_q) + n(t) (6)

where A and Aq are the amplitude, ¢ and ¢ir.q are the phases of the
signal xir.(t) and xir-a(t), fir = fr(t)-fr(t) is the frequency and is the same for
both signals, and n(t) is noise. The fi is constant in time(Figure 5b) and

this frequency is called beat frequency (Li et al, 2021). Figure 5 refers to
only one chirp and one target.

f(t) 4 f(t) 4
) B BC A
ROV
fir e : \
CRmf )1 .

f i v L .
«>it=2r/c Tt <«>r=2r/c Tt
igmmmmm e - > igmmmm e - >!

TC TC

Figure 5 — Frequency of the transmitted and received chirp signal (a), frequency of the
signal at the intermediate frequency (b) (Li et al, 2021)
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The signals x;p_;(t) and x;p_q(t) are sampled and form the signal
xip[n] = xip_1[n] + jxp_qg[n]. Viewed in the time domain, it can be
observed that a complex exponential IF signal is obtained at the output of
the quadrature receiver, which is equal to (Li et al, 2021;
Ramasubramanian, 2017):

xip = A e/ CTIFt+r) 4 n(t) | (7)

where is the amplitude 4 = \/AIF_IZ + Ajp—q°, phase ¢ = tan‘l(%
IF-1

and fi is the frequency of the signal x;.

The transmission signal is reflected from an object located at a range
r and arrives at the receiving antennas with a delay 7, which is calculated

as: T:Z%, where c¢ is the speed of light, that is the speed of

electromagnetic wave propagation. If the target does not move, the
frequency of the IF signal remains constant during the reception period,
while the transmit and receive chirp signals overlap in time and are equal
to: f|F = fT(t)-fR(t) =ST.

The phase of the IF signal can be determined at the moment of IF
signal onset, when the reflected chirp signal arrives at the receiving
antenna. Taking into account expression (3), the phase of the chirp signal
is approximately equal to (Li et al, 2021): ¢ = 21 f. 7.

It turns out that the frequency and phase of the IF signal, which is
received from an object located at a range r, is equal to(Li et al, 2021):

fir=ST=27, (8)

T

i = 2nfoT= R 9)

When the chirp signal is bounced from multiple targets back to the
radar, the received IF signal is a linear combination of multiple IF signals,
each with a frequency and phase corresponding to the range of each
individual target.

Digital processing of radar signals

This chapter explains the organization of radar data that is suitable for
further processing. The standard flow of signal processing is shown and it
is explained how to determine the DFT coefficients and thus obtain
information about the target.
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Radar signal sampling

A radar data cube is a three-dimensional data structure, which is a
convenient way to conceptually represent the time-space processing of
radar data. This way of organizing data is common to all modern radar
systems, whether they are pulsed or continuous radars. The cube of radar
data contains three axes and its cells contain the selected values of the
reflected IF signal (Figure 6) (MathWorks, 2024). For MIMO radars and
virtual antennas, the formation of a unified radar data cube is shown in
Figure 11.

l L L S S S S S
Sl S S S S S L
l S L S S S S L

(Range -
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DFT)
SN SN S S NN
NN NN NN N N

N
%5,
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8,
"z
7
‘99,) %
®,
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22N
%

Fast time
Ns samples from each IF chirp signal

Slow time i @ &
Ne chirps in the frame
(Doppler - DFT)

Figure 6 — Radar data cube

In the Fast Time Axis, signal samples are placed within a single chirp,
i.e., within the repetition period of the radar signal (pulse) in pulse radars.
This axis contains Ns samples, selected at a frequency Fs. The Slow Time
Axis contains data from multiple chirp signals, with multiple chirps forming
a single frame. In the Spatial Axis, samples of the signal received by all
receiving antennas are placed. The spatial axis contains Nr samples,
equal to the number of receiving antennas. In the case of MIMO radars, it
contains a number of samples equal to the number of virtual receiving
antennas (MathWorks, 2024).

The flow of digital radar signal processing

The digital radar signal processing flow includes a series of steps that
involve processing the raw radar signal to obtain target information (Figure
7). As the output of the processing, the Range-Velocity and Range-Angle
matrices are obtained, which provide all three important pieces of
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information about the target. Later, the classification and tracking
procedure can be entered (Li et al, 2021, p 167967).

-------------------------------------------------------
1 Range - Angle
Matrix

ADC ‘ Object
RAD(I:\SB%ATA H Range DFT ]—-[Velomty DFTH detection H Angle DFT
(CFAR)

Figure 7 — Flow of digital processing of the radar signal

Range - Velocity Matrix

Classification,
Trackin

After AD conversion of the IF signal, the samples are organized into
a radar data cube. Radar data cubes are formed, as explained in the
chapter above, from samples of signals originating from different
transmitting antennas. After organizing the data, the first step is to
determine the Range DFT coefficients on each of the sampled IF chirp
signals. The range DFT is applied along the columns to all chirps and from
all virtual antennas. By applying the Discrete Fourier Transform (DFT)
along the fast time axis, the beat frequency is observed and information
about the distance of the targets is obtained. After the Range DFT, over
the already calculated DFT coefficients, the Velocity DFT (Doppler DFT)
is applied along all rows within the frames of all receiving virtual antennas.
By applying the DFT along the slow time axis, the phase shift caused by
the movement of the target is observed, Doppler processing is performed
and information on the speed of the target's movement is obtained (Figure
8a). In this paper, all Range — Velocity DFT coefficients were calculated
for the matrix representation, but in general, not all coefficients are used.
By combining these two DFT algorithms, the Range-Velocity matrix is
obtained for all virtual antennas (Li et al, 2021, p.167967).
////////////v /S S S S S S
/S L S S 1/

Range DFT

Velocity DFT

(@) (b)
Figure 8 — Range and Velocity DFT (a), Range and Angle DFT (b)
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Target detection is performed on the Range-Velocity matrices or
CFAR (Constant False Alarm Rate) is applied in order to separate targets
from noise. These algorithms are performed on the Range-Velocity
matrices of all antennas. All matrices are summed into a single combined
Range-Velocity matrix, where even targets with a low SNR (Signal-to-
Noise Ratio), which were not detected in all matrices, will be observed.

After the detection of targets, or the application of CFAR and filtering
in the frequency domain, the Angle DFT in the third dimension of the radar
data cube is applied over the calculated DFT coefficients, over all virtual
antennas (Figure 8b). Since the duration of the frame is a few milliseconds,
it can be assumed that targets, due to their movement, will not change the
resolution cell, and before the Angular DFT, it is not necessary to perform
Doppler phase compensation. The Range-Angle matrices are obtained for
each of the possible velocity of the targets. Finally, by adding all the
amplitude characteristics of the Range-Angle matrices, one unified matrix
is obtained that provides information about the distance and the angle at
which the target is located. The amplitude characteristics of the matrices
are displayed using a two-dimensional heat map or in a three-dimensional
display. By observing the maximum of the functions, the distance, velocity,
and azimuth of the target are determined (Li et al, 2021, p.167967).

Range DFT

By applying the DFT along the fast time axis, the Ns of the signal
samples is obtained. According to the theory of the discrete Fourier

transform, each cell of the DFT corresponds to the frequency fi = k% for
S

0 = k < Ns. Based on expression (8), which describes the relationship
between the beat frequency and the distance of the targets, and the
calculation of the frequency in the DFT cells, it is concluded that the
distance of the targets in relation to the DFT cell is equal to (Li et al, 2021):
rszk% =k L (10)

25Ng
for 0 < k < Ns. By applying the Range DFT, and displaying the amplitude
spectrum |X[K]|, a peak in the cell is observed on the range and by applying
expression (10) the distance to the target corresponding to the reflected
signal can be determined (Li et al, 2021).

In this application fr is positive, due to the assumed signal and system
model. The use of a quadrature receiver the spectrum of a complex
exponential signal (7) can be observed on the full spectrum from 0 to f;, by
considering the spectrum at negative frequencies, ranging from -f,/2 to 0,
as the spectrum at frequencis from /2 to fs. (Ramasubramanian, 2017). In
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this regard, the maximum distance at which an object can be detected,
with the condition that fr < f. is equal to (Li et al, 2021, p.167962):

cfs
Tmax < 25 (11)

The received signal is a linear combination of several individually
reflected signals from objects at different distances. As the DFT is a linear
transform, the total signal spectrum is a linear combination of multiple
individual spectra from each signal. Targets at different distances will
appear in different cells of the spectrum and we can distinguish them if
their mutual distance is greater than the resolution cell by the distance rs.

Therefore, the range resolution depends on the frequency detection

resolution f. =1{]—S, so the range resolution is equal to (Li et al, 2021,

p.167962):

c cfs
Tres = ﬁ"esg = 2SNg’ (12)

Velocity DFT

The radar emits an N; chirp signal of the duration T. within the frame
duration T: (Figure 9). In order to measure the velocity of the target's
movement, the radar must transmit a minimum of two separate chirp
signals within the frame in order to detect the phase change due to the
target's movement. If the target is moving at the radial speed v:, during the
time period until the next signal T. is transmitted, the target travels the
distance Ar = v, T (Li et al, 2021, p.167962).

f@®
/I/‘A """ A >
LT t
€ - <> Tr=N.- T,
R >

Figure 9 — Transmitted frame of the N chirp signal (Li et al, 2021)

The difference in the frequency of the two IF signals is negligible,
while based on the signal model (9), the phase difference is equal to (Li et
al, 2021):

__AnAr 41T

Ap=—="7 (13)
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Applying the DFT along the slow time axis gives the target velocity
equal to (Li et al, 2021):
212 (14)

=W —= l = )
4mT, 2N T, 2Ty

%)

where w; = ZN—M N is the number of Velocity DFT samples and -% << %
assuming that N. is an even number (Proakis & Manolakis, 2014). T; is the
frame duration or also known as the time on the target.

Unambiguous velocity measurement is performed in the range
—n < w < 1, so the unambiguous detectable velocity is equal to (Li et al,
2021):

Aoy X (15)
4T, 4T,

where positive speed means a movement towards from the radar, and a
negative movement occurs away from the radar.
The velocity resolution is equal to one resolution cell and amounts to
(Li et al, 2021):
yl yl
Vres = Sy 1 = arp (16)
It is concluded that the longer the frame, the better the separation of
two targets with similar velocity, with the condition that the target does not
move to another resolution cell during that time.

Angle DFT

By using an array of receiving antennas, the angle of arrival of the
echo signal can be estimated. The echo wave arrives at a certain angle to
the receiving array and due to the mutual distance between the receiving
antennas, a relative signal delay occurs between the two receiving
antennas. Signal delay is reflected in the change in frequency and phase
of the IF signal. The frequency change is negligibly small while the phase
shift is equal to (Li et al, 2021):

Ap = 2 f, Ar = SO (17)
where At is the signal delay, due to the spacing between the receiver
antennas and it is equal At = d sin(0) /c (Figure 2).

Applying the DFT to all antennas results in the angle under which the
target is located being equal to (Li et al, 2021):

o 2 1, A
Ou = sin 1(wuﬁ) = sin 1(um), (18)
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where w,, = ZT[Tu (Proakis & Manolakis, 2014), N is the number of Angle
DFT samples, —% Su< % assuming that N is an even number and d is
the distance between the receiving antennas.

An unambiguous estimate of the angle can be determined in the range:
—sin‘l(%) <6< sin‘l(%). (19)
In real applications, the distance between the antennas is often taken
as the value d = % which corresponds to the fact that the angle can be
estimated in the range -90¢ < 6 < 90¢ where 6 is defined in relation to
broadside.
The angular resolution 6,.s depends on the number of Nr receiving

antennas and the central viewing angle of the target 6 and is equal to (Li
et al, 2021):

.- A
Ores = |A6| = 2-sin l(m).

(20)

Assuming that 6 =0 and d =%, a rough estimate of the angular
resolution is obtained, which is equal to (Li et al, 2021):

—
Ores = (21)

R

Improvement of angular resolution using the MIMO mode

A MIMO radar system has an antenna arrangement as shown in
Figure 2 and by using the MIMO mode, virtual antennas are formed. By
increasing the number of antennas, the angular resolution also improves.
As the radar system works on the principle of time-multiplexed
transmission signals, it first emits signals from one transmitter, and then
from the other transmitter antenna (Figure 10). In this way, two radar data
cubes are formed at reception (Li et al, 2021, p.167966).

f(t)
Tx0 Tx1
A,r’ ,/L' ! Ax’ >
TC

€ —->

Tf=N¢ T, for each Tx
Figure 10 — Chirp signal frame with two transmitting MIMO antennas (Li et al, 2021)
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Radar data cubes are formed for signals transmitted from different
transmitting antennas. Since the condition of the distance between
transmitting antennas in MIMO radars is met, a unified radar data cube
(Figure 11) can be formed, which will have the properties as if there were
8 receiving antennas sent from one transmitting antenna.

I - RADAR DATA CUBE Tx0
I - RADAR DATA CUBE Txi

(Range -DFT)

Fast time
Ns samples from each IF chirp signal

Slow time & (\g‘

Nc chirps in the frame
(Doppler - DFT)

Figure 11 — Unified radar data cube

Simulation of a MIMO radar system

The Matlab functions for generating simulation and automated
processing of the radar data cube are explained below. Te radar and target
parameters for simulation purposes are defined and the simulation results
are presented.

Generation of simulation echo signals of radar targets

In order to confirm the analytical claims in this paper, computer
simulations were developed in the Matlab programming environment. The
MIMOFMCW function was developed for simulation purposes. The
mentioned function generates IF samples of the reception signal (7) that
originated from the targets and were sent from one transmitting antenna.
The output parameter is a three-dimensional radar data cube.

Processing of simulation radar data

In order to automate the process of digital processing of radar data,
the procDC function was developed. The outputs of the function are two
two-dimensional matrices RV - Range-Velocity matrix and RA - Range-
Angle matrix. In addition to the matrices as an output, the function in the

533

Dakovi¢, B.B. et al, Digital signal processing in MIMO radars with time-multiplexed transmit signals, pp.519-552



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

command window prints the range of unique measurement of the range,
velocity and angle of the radar for the given parameters and displays two
three-dimensional views of the specified matrices with normalized axes,
normalized in relation to the maximum value that appears in the matrix.

Simulation - Situation 1

The objective of situation 1 is to demonstrate the general operation of
the radar for arbitrary parameters of the radar and targets. Table 1 shows
the radar parameters adjusted for situation 1.

Table 1 — Simulation radar parameters - Situation 1

No 512 B 1 GHz
N 256 S 10 GHz/ms
T. 0.1 ms N1y 2

T; 25.6 ms Nrx 4

f. 5.12 MHz di A2

fe 24 GHz drx 4 - drx

With the given parameters from Table 1, the radar achieves an
unambiguous range of 76.80 m (11), unique speed measurement in the
range from -31.25 m/s to 31.25 m/s (15) and the angle estimation from -
90° to 90° (19). The distance between the transmitting antennas is
satisfactory and allows the radar to work in the MIMO mode and behave
as if it has 8 instead of 4 receiving antennas. In Table 2, the goal

parameters adjusted for situation 1 are given.

Table 2 — Parameters of simulation targets - Situation 1

No A (V) r (m) v (m/s) )
1 1 70 -28 60
2 0.9 55 20 -30
3 0.85 40 -15 45
4 0.7 35 10 -45
5 0.6 20 5 0

Figure 12 shows the Range-Velocity matrix related to situation 1. In
the image, peaks can be clearly observed, which correspond to the

parameters set by the targets.
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Figure 12 — Range-Velocity simulation matrix - Situation 1

In Figure 13a), the Range-Angle matrix is shown, simulating the
operation of 1 transmitting and 4 receiving antennas. The radar data cube
is padded along the angular axis with zeros to calculate the Angle DFT in
128 points. Zero-padding does not improve resolution but makes the signal
spectrum more noticeable and easier to interpret. It can be concluded that
due to the small number of receiving antennas, the angular resolution of
the cell is considerable and that it is not possible to precisely determine
the angle at which the target is in relation to the radar. Limited angular
resolution causes a wide main lobe, but by finding the maximum values in
the main lobes, one can come to the conclusion at which angle the target
is located, but with a decision error. Also, due to the small angular
resolution, the main lobes of the targets located at large angles are
mirrored from one part of the range to another.

In Figure 13b), the Range-Angle matrix using 2 transmitting and 4
receiving antennas in the MIMO radar mode is shown. In this way, the
effect is obtained as if there are 8 receiving antennas, which increases the
angular resolution of the radar and narrows the main lobe. In this way, the
error when measuring the angle is not drastically reduced, but it enables
better separation of two close targets located at similar distances and at
similar angles. It also reduces the aliasing effect. Using a single
transmitting antenna gives the FWHP of 53.86°, while using the MIMO
mode gives the FWHP (Full Width at Half Power) of 27.14°.
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Figure 13 — Range-Angle simulation matrices - Situation 1, 1 Tx, 4 Rx (a); 2 Tx, 4 Rx (b)

Simulation - Situation 2

The purpose of simulation 2 is to show the angular resolution of the
radar system and the improvement of the angular resolution using multiple
transmit antennas, i.e., the MIMO mode of operation. Also, unlike
simulation 1, which is shown under ideal conditions, simulation 2 includes
noise where the SNR is -5 dB. Table 3 shows the parameters of the radar
system for situation 2.

Table 3 — Simulation radar parameters - Situation 2

N, 32 B 1 GHz
Ne 128 S 2 GHz/ms
T. 0.5 ms Nr1x 2

T; 64 ms Nrx 4

fs 64 KHz drx A2

fe 24 GHz drx 4 - drx

According to the parameters listed in Table 3, the radar has the
following characteristics: the maximum unique range of 4.80 m; the
unambiguous speed measurement range from -6.25 m/s to 6.25 m/s; and
the angle measurement range from -90° to 90° with an angular resolution
of 28.65° when using one transmitting antenna, or 14.32° when using two
transmitting antennas.

Table 4 gives the parameters of the targets adjusted for situation 2.
The targets are arranged in pairs to show the effect of separating the
targets by angle. Targets one and two are at the same distance, moving
at the same speed, but at different angles from the radar. Targets two and
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three are at the same distance, but moving at different speeds and at
different angles, clustered around 0°. For objectives five and six, similar
conditions apply to the previous two objectives, except that they are

grouped around 60°.

Table 4 — Parameters of simulation targets - Situation 2

No A (V) r (m) v (m/s) ()
1 1 4,3 5 -40
2 0.9 4,3 5 30
3 0.8 2.5 -3 -10
4 0.8 2.5 4 10
5 0.6 0,5 -1 50
6 0.6 0,5 2 70

In Figure 14, one can see the Range-Velocity matrix related to
situation 2. The Figure shows five peaks corresponding to five targets,
although six targets are set in the simulation. Targets number one and two
are located at the same distances and move at the same speeds, so they
cannot be separated on the Range-Velocity matrix, while the other targets

are clearly visible.
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Figure 14 — Range-Velocity simulation matrices - Situation 2
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In Figure 15a), there is a Range-Angle matrix that corresponds to the
use of one transmitting and four receiving antennas. Although targets one
and two are joined on the Range-Velocity matrix, it is observed that on the
Range-Angle matrix the targets can be separated because they are at
different angles. Targets three and four, as well as five and six are
connected to each other and are located under one lobe. It cannot be
concluded whether there is one or two targets. This happens because the
angular distance between the targets is equal to 20°, and the angular
resolution in this mode of operation is equal to 28.65°, and the targets are
located in one resolution cell.

In Figure 15b), the Range-Angle matrix is shown when the radar is
operating in the MIMO mode, where it uses two transmitting and four
receiving antennas and forms a virtual antenna array on reception of eight
receiving antennas. In this way, it increases the angular resolution and
reduces the resolution cell to 14.32° (21). Targets three and four can be
separated, while targets five and six remain under one main lobe - they
cannot be separated even though they are at the same angular distance
from each other as targets three and four.
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Figure 15 — Range-Angle simulation matrices - Situation 2, 1 Tx, 4 Rx (a); 2 Tx, 4 Rx (b)

It is observed that with the increase of the viewing angle, the angular
resolution decreases, that is, the cell resolution increases, which leads to
the fact that targets five and six cannot be separated angularly. Figure 16
shows the angular resolution for eight receiving antennas and an
observation angle of 60° equal to 28.95°, which explains why targets five
and six are not separated on the Range-Angle matrix.
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Dependence of angular resolution on viewing angle
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Figure 16 — Dependence of angular resolution on a viewing angle for 4 and 8 receiving
antennas

Experimental verification of the MIMO radar model

During the experimental work, the MIMO radar platform
PUP_DUAL24P_T2R4 (Figure 17a) from Luswave Technology (2020) was
used. The radar platform operates in the K band and supports the
continuous operation mode and th eFMCW modulation. The radar has two
transmitting and four receiving antennas which enable the MIMO mode of
operation and the creation of eight virtual antennas, resulting in a better
angular resolution. In addition to the MIMO operating mode, the radar has
the option of using only one transmitting antenna which behaves like a
conventional radar. The radar comes with a Matlab graphical interface that
allows setting the parameters of the radar. The parameters that can be
adjusted are the number of transmitting and receiving antennas, the type
of modulation, the operating frequency range, the duration of the chirp, the
number of selections in the chirp and the length of data recording (Figure
17b) (Luswave, 2020).

The aforementioned radar from which the data was recorded onto the
computer (Figure 18) was used in the experimental work. Through the
computer, the parameters of the radar were set depending on the situation.
The computer was later used to process and display the recorded data.

539

Dakovi¢, B.B. et al, Digital signal processing in MIMO radars with time-multiplexed transmit signals, pp.519-552



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

Specification Minimum Typical Maximum
Channels 2x Transmitters, 4x Receivers
Aantennas 6x Onboard Patch Antennas
Modulations FMCW, CW
Typleal Frequency Range 24GHz 25GHz
Expandable Fraquency Range 23.5GHz 26GHZ
Sweep Time 0.5ms, 1ms, 2ms, 4ms, 8ms
Samples per sweep 128, 256, 512, 1024, 2048, 3096
Tune voltage. o lav
Tuning Sensitivity 0.8GHz/Y
Transmit Power 16d8m 17dBm 18d@m
558 Phase Noise @1MHz offset -89dBc
MNoise Figure 12d8
Maximum Input Power SdBm
Ie_ide ~12dBm
Supply voltage 5.75V & 6.25V
Supply Current 1200mA
Operating Tempreture -40°C 85°C
Dimensions L:130mm, W:108mm, H:32mm

(a) (b)

Figure 17 — MIMO radar PUP_DUAL24P_T2R4 (a); Radar specifications (b) (Luswave,
2020)

Figure 18 — Radar and computer used for experimental imaging

For the purpose of the experiment, the recorded situations were those
in which a person moves to and from the radar, to the left and to the right,
while changing the speed of movement and the angle at which one is in
relation to the radar (Figure 19a).

The person holds a reflector ball in the hands (Lunenberg lens) in

order to increase the reflection and thus make the results more noticeable
(Figure 19b).
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(b)

Figure 19 — Man as a radar target (a); Radar reflector (Lunenberg lens) (b)

Experiment - Situation 1

For the purpose of experimental verification, the radar parameters
listed in Table 5 were used. According to the listed parameters, the radar
has the following characteristics: the maximum unique range of 4.80 m;
the unambiguous speed measurement range from -6.25 m/s to 6.25 m/s;
and the angle measurement range from -90° to 90° with an angular
resolution of 28.65° when using one transmitting antenna, or 14.32° when
using two transmitting antennas.

Table 5 — Radar parameters of the experiment - Situation 1,2

No 32 fe 24 GHz
N; 128 B 1 GHz
T. 0.5 ms S 2 GHz/ms
Tf 64 ms NTx 2

fs 64 KHz NRrx 4

For situation 1 of the experiment, the person moves away from the
radar from the right side of the radar. Figure 20 shows the Range-Velocity
matrix of the experiment, where one intense peak is observed, which
corresponds to the target. By reading the peak value, information is
obtained about the distance and speed of the target.
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Figure 20 — Range- Velocity matrix of the experiment - Situation 1

When processing the data and displaying the Range-Velocity matrix,
it is observed that the matrix contains unwanted components and a high
level of noise. In order to reduce the influence of noise and make the
results more obvious, before applying the Angle DFT algorithm, the
observed object of interest is extracted using a 3x3 unit mask, in the center
of which the object of interest is located. After the extraction of the object,
the values in the matrix will remain only in the cells where the object is
located, while the other cells will have a value of zero.

On the Range-Angle matrix, the main lobe is observed, and the
search for its maximum determines the angle at which the target is located
(Figure 21a). Using two transmitting antennas narrows the main lobe,
which increases the angular resolution (Figure 21b). It is observed that the
components at all other distances are suppressed, which is the result of
extracting the object of importance by using a mask.
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. 3
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Figure 21 — Range-Angle matrices of the experiment - Situation 1, 1 Tx 4 Rx (a),
2 Tx4 Rx MIMO (b)
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Experiment - Situation 2

For situation 2 of the experiment, the same radar parameters as those
listed in Table 5 were used. Two people move away from the radar, from
the same side and at similar angles (Figure 22).

|
‘*f - Radar | , p
@ - Target 1 : J‘ .ﬁ
@ - Target 2 | ) /

| 6, ) -

Figure 22 — Approximate sketch of the experiment situation 2

The aim of this experiment is to show better angular resolution using
the MIMO mode and to confirm the claims shown in the simulation. By
processing the signal, filtering and extracting the objects of interest, two
peaks corresponding to two targets are observed, but it is difficult to
separate them due to almost the same speed and mode of movement
(Figure 23).
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Figure 23 — Range-Velocity matrices of the experiment - Situation 2, 3D view (a),
2D heat map (b)

543

Dakovi¢, B.B. et al, Digital signal processing in MIMO radars with time-multiplexed transmit signals, pp.519-552



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

Since one transmitting and four receiving antennas are used and due
to a small angular resolution and a large viewing angle, it is not possible
to separate the targets which are both under a wide main lobe. The FWHP
is 55.28°, which would lead to a wrong assessment of the situation (Figure
24a). By using two transmitting antennas in the MIMO mode of operation,
the angular resolution is increased and is less than 34°. Two main lobes
corresponding to the targets are distinguished, where the first FWHP is
25.51° and the second one is 22.68° (Figure 24b). By using an adequate
decision-making threshold, a correct conclusion about the situation can be
made.
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Figure 24 — Range-Angle matrices, - Situation 2, 1 Tx 4 Rx (a), 2 Tx 4 Rx MIMO (b)

Conclusion

In this paper, a model of an FMCW MIMO radar with time-multiplexed
signals on transmission is presented, and the process of digital signal
processing in this radar type, which primarily utilizes the Discrete Fourier
Transform, is explained. The Discrete Fourier Transform has proven to be
a straightforward tool that delivers satisfactory results. The theoretical
foundations and mathematical models have been validated through
simulation and experimental verification.

The resolution in the domains of range, velocity, and angle is limited
by the use of the DFT algorithm. FMCW radars have been shown to
provide accuracy in determining the range and velocity of targets, with the
range resolution dependent on the signal sampling frequency fs, the ramp
slope coefficient S and the number of samples per chirp Ns, while the
velocity resolution depends on the frame duration T:. Since the angular
resolution depends on the number of receiving antennas, it has been
demonstrated that by introducing additional transmitting antennas, forming
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a virtual receiving array, and operating the radar in the MIMO mode, the
angular resolution and the ability to distinguish targets with similar angles
are improved, as illustrated through simulations and experiments. In
addition to the above, due to the limited number of receiving antennas, the
DFT algorithm is characterized by wide main lobes. The algorithm
determines the target angle, albeit with a certain error.

In this study, CFAR was not used, as target detection was trivial and
performed manually. In this regard, the system can be improved by
introducing an appropriate CFAR model which would automate the
detection process. Future research will focus on the development and
application of suitable algorithms for more precise target angle
determination, such as MUSIC, Decorrelation Algorithms, and Spatial
Smoothing. Additionally, research could be expanded to the design and
implementation of planar MIMO radar structures, enabling target angle
detection in both azimuth and elevation.
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CAMPO: procesamiento de sefales digitales, telecomunicaciones,
electyénica, electromagnética
TIPO DE ARTICULO: articulo cientifico original

Resumen:

Introduccidén/objetivo: Un tema actual de importantes esfuerzos de
investigacion y desarrollo en el campo de los sistemas de radar es la
tecnologia de radar MIMO (mdiltiple entrada-mdultiple salida). Los radares
MIMO representan un avance revolucionario en la tecnologia de radar, ya
que el uso de mdltiples antenas transmisoras que emiten formas de onda
ortogonales permite una mejor deteccion y resolucién angular. Para lograr
resultados efectivos, el procesamiento de sefiales digitales de alta calidad
y la aplicacién de algoritmos avanzados son esenciales para obtener
informacién del objetivo. Este articulo pone especial énfasis en los radares
MIMO coherentes, con el objetivo de mejorar la resoluciéon angular. La
multiplexacion en el tiempo de las sefiales de transmision se aplica como
meétodo principal para lograr la ortogonalidad entre sefiales, utilizando una
sefial de onda continua de frecuencia modulada (FMCW) como base para
la forma de onda de transmisiéon. El objetivo de este articulo es
proporcionar y explicar los fundamentos del procesamiento digital de
sefiales en radares MIMO, presentar expresiones analiticas y validarlas
mediante simulacion y verificacion experimental.

Métodos: Se presentan los fundamentos tedricos, utilizando Ia
Transformada Discreta de Fourier (DFT) como herramienta principal en el
procesamiento de sefiales digitales para obtener informacién sobre la
distancia, velocidad y azimut del objetivo. Se desarrollé una simulacion en
el paquete de software MATLAB para analizar el desempefio del modelo
del sistema radar. Se realizd una verificacion experimental, donde se
registraron escenarios especificos utilizando la plataforma de radar
PUP_DUAL24P _T2R4 y posteriormente se procesaron los datos
recopilados. Las funciones de MATLAB MIMOFMCW y procDC se
escribieron para generar muestras de simulacién de sefiales de eco y para
automatizar el procesamiento de sefiales y la visualizacion de matrices
caracteristicas de rango-velocidad y rango-angulo.

Resultados: La simulacion y la verificacion experimental confirman la
validez de los fundamentos teéricos relacionados con el procesamiento de
sefiales digitales en radares MIMO, y los parametros objetivo se pueden
determinar claramente.

Conclusién: La Transformada Discreta de Fourier es una herramienta
sencilla que proporciona resultados satisfactorios para determinar el
alcance, la velocidad y el angulo de los objetivos. Los radares FMCW
ofrecen precisién para determinar el alcance y la velocidad, mientras que
el modo MIMO mejora la resolucion angular. El algoritmo DFT es capaz de
determinar el angulo objetivo, pero con un cierto error, lo que hace
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necesario el uso de métodos de alta resoluciéon para una determinacion
mas precisa del angulo.

Palabras claves: MIMO, radar, TDM, FMCW, cubo de datos de radar,
DFT, frecuencia de pulsacion, antena virtual.

Lindposasi obpaboTka curHanos B pagapax MIMO ¢
MYNbTUNIEKCUPOBAHMEM MO BPEMEHU CUrHANOB Nepeaaydn

Bopko b. Oxakosu4?, Crio60daH M. Cumuys,

Jludus M. TpusyHoxa®, AnekcaHOap I'. Puctny®

2 Boopy»xeHHble cunbl Pecnyonuvku Cepbusi, FeHepanbHbIn wTab,
YnpaBneHue TenekoMMyHUKaUnin 1 MHPOPMaLMOHHBLIX TEXHOMNOrMn (J-6),
LleHTp npuknagHom MaTeMaTyKu U SrEKTPOHUKM,
r. benrpag, Pecnybnuka Cepbusi, KOppecCnoHAeHT

6 YuueepcuteT 060poHbl, BoeHHas akagemus,
Kadenpa BOEHHbIX 3NEKTPOHHBIX CUCTEM,
r. benrpag, Pecnybnuka Cepbus

& Boopy»eHHble cunbl Pecnybnuku Cepbusi, F'eHepanbHbil wTab,
YnpaBneHue pa3BuTus 1 ocHalleHus (J-5),
LleHTp TexHuyecknx ucnbiTaHuin, r. benrpag, Pecnybnuka Cepbus

"MuHucTepcTBO 060poHLI Pecnybnukn Cepbus,
BoeHHo-TexHUYeckut MHCTUTYT , 1. Benrpag, Pecny6nuka Cep6bus

PYBPUKA TPHTW: 47.05.17 MeToabl npuema 1 o6paboTkm curHanos,
47.49.29 PagnonokaumoHHbIe CUCTEMbI, CTAHLIUN,
47.47.29 Pagnonepegatolme yCTpomucTea,
47.47.31 PaguonpueMHble YCTPONCTRBA,
78.25.00 BoopyxeHue 1 BoeHHas TEXHUKa,
78.21.49 BoeHHas anekTpoHuKa 1 knbepHeTuka
BWO CTATbW: opurmHanbHas Hay4Has ctaTes

Pe3some:

AxkmyarnbHol memol 8axHbIx uccriedosaHul u pazpabomok e obnacmu
paduosioKayuoHHbIX ~ cucmeM  Aeridemcs  paduosioKauUuoHHas
mexHornoausi MIMO (MHOXXecmeeHHbIU 8X00-MHOXeCMBEHHbIU 8bIX00).
Padapbi MIMO npedcmassnisitom coboli pe8ornoUUOHHbIU rpoepecc 8
paduosiokayuoHHOU  MEexHosI02uu,  MOCKOJIbKY — UCMO0/1b308aHUE
HEeCKOMbKUX repedarwjux aHmeHH, U3JjydYaloujux OpmOo2oHaslbHbIe
CuesHanbl, [o3eosisem  yraydwumb OBHapyXeHue U  yaroeoe
paspeweHue. [na QocmuxeHuss 3PEKMUBHbIX pe3ynbmamos
Heobxo0umbl KadYecmeeHHasi uugposasi obpabomka cueHanos u
npumeHeHuUe  rnepedosbix  aneopummos8  fofydYeHus  ueneesoul
UHpopmayuu. B daHHOU cmambe ocoboe e6HumaHue ydesnsemcs
KkoeepeHmMHbiM  MIMO-padapam ¢ uenbio yrAyyweHusi ya2r108020
paspeweHusi.  BpemeHHOe  MynbmurniiekcuposaHue — cuz2Hasoe
rnepedayu  rpuMeHsiemcs 8 Kadyecmee OCHO8HO20 Memooda
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docmuxkeHust opmozoHasiu3ayuu Mexoy cusHanamu c
ucronib3oeaHUeM cuzsHana HenpepbI8HOU 807IHbI C 4YacmomHou
modynsayuel (FMCW) e kayecmee OCHO8bI ¢hopMUpPOBaHUsT cueHarna
nepedayu. Llenb daHHOU cmambu — npedocmasumps U 0OBbSCHUMb
OCHO8bI  yughposoli obpabomku cueHanos 6 padapax MIMO,
npedcmasums  aHaUMUYECKUe BbIpa)XxeHus U nposepums  UX
rnnocpedcmeom Modenupo8aHuUsi U 3KCriepuMmeHmarbHoU gepughukauuu.

Memodbi: B cmambe npedcmasneHbl meopemu4yecKue OCHO8bI
ucrionb3oeaHusi OuckpemHoeo rpeobpasosaHus @ypbe (AMND) e
Kadecmee 0CHO8HO20 UHCMpyMeHma yughposol 0bpabomku cusHanos
0n1s nony4vyeHUs1 uHgopmayuu 0 paccmosiHuU, CKopocmu u asumyme
uenu. B nakeme npoegpamm MATLAB 6bino paspabomaHo
modenuposaHue Ons aHanusa npoussodumernibHocmu  Moolernu
paduornokayuoHHoU cucmemsl. bbina npogedeHa akcnepuMeHmarbHas
rnposepka, 8 xo0e KomopolU C [OMOWbo pPaduoioKayUoHHOU
nnamgpopmbl PUP_DUAL24P_T2R4 3achukcupo8aHbl KOHKpPemHbie
cuyeHapuu, a 8 danbHeluweMm bbiriu obpabomaHbl cobpaHHble daHHbIE.
@yHkyuu MATLAB, MIMOFMCW u procDC 6binu paspabomatbi Ons
e2eHepuposaHusi obpa3yo8 MoOenupo8aHUsi 3X0-Cu2Haros, a makxe
ons asmomamu3ayuu obpabomku cuzHanose U omobpaKeHus
Xapakmepucmuyeckux mampuy «[uana3oH-Ckopocmb» u «[uana3oH-
Yeon».

Pesynbmamesi: ModernupogaHue u sKkcriepuMeHmarbHas eepugbukayusi
rnoomeep>k0arom cripagednueocmep meopemu4yeckux  OCHOS,
cesi3aHHbIX C yughpoesoli obpabomkol cuzHanos 8 padapax MIMO, u
110380J15110M YemkKo onpedenums yesnesbie napamempsi.

Bbigodbl: [uckpemHoe npeobpasogaHue ®@ypbe — 3mo rpocmou
UHCmMpyMeHm, Komopsbil 0aem ydosremeopumersibHble pe3ysibmamab|
0n1s1  onpedersieHUs1 pPaccmosiHUsl, CKOpocmu U Uesiegoz2o yerna.
PadapHbie cucmembi FMCW  obecrnieyusarom  mo4YHOCMb 8
onpederieHUU paccmosIHUSI U CKOpOCmuU, 8 mo 8pemsi Kak pexxum MIMO
yrydwiaem yejsiogoe paspeweHue. Anzopumm DFT cnocobeH
onpedernisimb Uyenegol y2071, HO ¢ onpedesieHHoU No2peuwiHoCmMbo, 4mo
Oenaem Heobxo0uMbIM rpuMeHeHuUe memodos 8bICOKOU
paspewaroweli criocobHocmu 0151 boriee MoYHO20 orpedesieHus yearna.

Knrouesbie cnosa: MIMO, padap, TDM, FMCW, ky6 daHHbix padapa,
DFT, yacmoma 6ueHul, supmyarsibHasi aHMmeHHa.
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OurutanHa obpaga curHana y pagapuma MUMO ca BpeMeHcku
MYyNTUMMEKCUpaHUM cUurHanuma Ha npeaju

Bopko b. hakosuh?, Crio6odaH M. Cumuh®,
Jluduja M. TpusyHya®, AnexkcaHdap . Puctuh®

2 Bojcka Cpbuje, MeHepanwTab, YnpaBa 3a TenekoMmyHukauuje un
nHdpopmaTuky (J-6), LleHTap 3a npyMereHy matemaTuky U eneKkTpoHUKY,
Beorpag, Penybnuka Cpbuja, ayTop 3a npenucky

6 YuueepauteT onbpare y Georpany, BojHa akagemuja,

KaTepnpa BojHOeNnekTpoHCKor MHXewepcTBa, beorpag, Penybnvka Cpbuja

B Bojcka Cpbuje, NeHepanwTab, Ynpaea 3a pa3soj 1 onpemare (J-5),
TexHu4kn onuTHU UueHTap, beorpaa, Peny6nuka Cpbuja

"MuHucTtapcTBo onbpaHe Penybnuke Cpbuje, BOjHOTEXHUYKM MHCTUTYT,
Beorpag, Penybnuka Cpbuja

OBNACT: obpaga aurutanHmx curHana, TenekoMyHukauuje, enekTpoHuka,
enekTpomarHeTuka
KATEFOPUJA (TWUM) YITAHKA: opurnHanHu Hay4Hu paj

Caxemak:

Yeod/uurb: AKmyesiHy meMy 3HauyajHUX UCmpaXueaykux U pal3sojHUX
Harlopa u3 obnacmu padapckux cucmema rnpedcmaerba padapcka
mexHoroauja MIMO (eHe. Multiple-Input-Multiple-Output). Padapu MIMO
npedcmaerbajy  peesoslyyuoHapaH UCKopak Yy OoMeHy padacke
mexHorioauje, jep yriompebom suwe npedajHux aHmeHa Koje emumyjy
opmoeoHarHe marnacHe obriuke omoeyhasajy 6orby demekuyujy U y2aoHy
pe3onyyujy. 3a nocmusare egpukacHUX pesyrnmama 00 Kiby4yHoe 3Ha4yaja
je keanumemHa OuaumarnHa obpada cuzsHana u fpumMmeHa HarpeodHUx
arnzopumama kako bu ce doburne uHghopmauyuje o yurby. Y ¢pokycy ogoe
pada cy koxepeHmHu padapu MIMO, jep noeehasajy yeaoHy pe3ornyuujy.
lMpumer-eHO je 8peMeHCKO Mynmurifiekcupare cugHana Ha npedaju, kao
jebaH 00 OCHOBHUX Ha4yuHa MocMu3ara OPMoO2oHarIHocmu u3mehy
CUsHana, npu 4Yemy je KopuwheH KOHMUHyanHU bpeKkeeHUUfCKU
modynucaHu cueHan (eHe. FMCW — Frequency Modulated Continuous
Wave) kao ocHoea 3a ¢hopmuparse npedajHoe manacHoe obnuka. Lurb
oeoe pada jecme 0a npyxu U objacHu ocHoge duaumariHe obpade cueHasna
y palapuma MIMO, usHece aHanumu4ke uspa3e U rnomepou UX Kpo3
cumynayujy u ekcriepumeHmariHy gepuguxkayujy.

Memode: W3Heme cy meopujcke oOcHoge rpu 4Yemy je kopuwheHa
OuckpemHa @ypujeoga mpaHcopmayuja Kao OCHO8HU anam 'y
OQuaumarnHoj obpadu cueHana u dobujarby uHgopmauuja O OarbUHU,
6p3uHU u azumymy rod Kojum ce Uurb Hana3su. PassujeHa je cumynauuja y
cogpmeepckom nakemy MATIIAE padu aHanuse nepgbopmaHcu modena
padapckoe cucmema. CripogedeHa je ekcriepumeHmarsHa eepudgbukayuja,
npu 4Yemy cy crieyugbuyHu cueHapuju CHuMmsbeHu romohy padapcke
nmamepopme PUP_DUAL24P _T2R4, a npukyrrbeHu nodauyu cy HakHadHo
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obpaheru. Hanucane cy MATJIIAE ¢yHkyuje MIMOFMCW u procDC 3a
2eHepucarbe  CcuMyrnauyuoHux o0bupaka €xo cuesHarla U @ 3a
aymomamusosaHy 06pady cueHana U rpukalaHe KapakmepucmuyHe
Mampuue darbuHa-6p3uHa u darbuHa-yeao.

Pesynmamu: Cumynayuja U ekcriepumMeHmarsHa eepugukayuja
nomsphyjy ucripagHoCM mMeOopPUjCKUX OCHoB8a Koje ce O0OHOoce Ha
OQuaumariHy obpady cueHarna y MIMO padapuma, rpu 4emy ce jacHo Moay
o0pedumu napamempu yurbeea.

Sakrbyvak: [uckpemHa ®@ypujeosa mpaHcghopmauyuja je jedHocmasaH
anam Koju Oaje 3adoeorbasajyhe pesynmame 3a odpehusar-e OarbuHe,
bp3uHe u yena uurbesa. FMCW npyxajy mayHocm rnpu odpehusary
OarbuHe u bp3uHe, a pexum MVIMO nosehaea yanoeHy pe3ornyuujy.
Aneopumam DFT ycneea 0a odpedu yeao uurba, anu ca odpeheHom
epewkom, na je 3a madHuje odpehusare yena nompebHo Kopucmumu
8UCOKOpe30/1yyUuoHe Memoode.

Kmbyune peuu: MIMO, padap, TDM, FMCW, padapcka Kouka
noldamaka, DFT, cppekseHUuja usbujar-a, supmyesiHa aHmeHa.
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